Pyrimidine-purine DNAs with repeating sequences can be made to undergo a reversible transition to possibly a tetra-stranded complex. Physicochemical characterization of the new structures and model building are consistent with, in
Previous studies (1) showed that d(pyrimidine)n d(purine)n (Pyr-Pur DNAs) formed triple-stranded (triplexes) polynucleotides with (Pyr)n RNAs binding in the major groove with Hoogsteen pairing-for example, d(TC)nd(GA)n-r(CU)n. During attempts to form the all-DNA analogue, it was found that Pyr-Pur DNAs with repeating sequences were transformed to new structures on lowering the pH at moderately high ionic strength. At first a dismutation was assumed to have occurred: 2 d(TC)nd(GA)n d(TC)nd(GA)n-d(CT)n + d(GA)n However, although a triplex as an intermediate seems likely, the final complex is best interpreted as a tetra-stranded polynucleotide (tetraplex) in which the d(GA)n above combines with the triplex, forming two novel but isomorphous hydrogenbonded base tetrads.
MATERIALS AND METHODS DNAs. Repeating sequence DNAs were prepared as described (2) . Analytical Cs2SO4 density gradients were run at 44,000 rpm for at least 20 hr at 25°. Buoyant densities and transition temperatures (tm) were obtained as before (1) . The ethidium bromide fluorescence assays for DNA have been described (3) .
Titration of Rearranging d(TC)n-d(GA)n. Ten milliliters of 0.5 mM d(TC)nd(GA)n was dialyzed extensively against 0.5 M NaCl/1 MiM EDTA, pH 7.4; 11.3 mM HCI was delivered via an Alga micrometer all-glass syringe. A Radiometer 26 pH meter, Titrator II, and Titrigraph SBR 2c connected to a Radiometer GK 2302 C electrode were used for titrating from neutrality to pH 4.5, with the aid of the pH-stat accessory.
RESULTS AND DISCUSSION
Evidence for the Formation of New Structures. A dramatic change in the physical properties of Pyr-Pur DNAs of repeating sequence was obtained when the pH was decreased to about 6 at moderate ionic strengths. Natural DNAs, d(TG)n-d(CA)n, and the random Pyr-Pur DNA d(T,C)nd(G,A)n were unaffected. In Fig. 1 the change in the buoyant density of d(TC)n'd(GA)n is shown to increase from 1.426 to 1.481 and then decrease slightly to 1.469, the final value, after 10 days, with a concomitant sharpening of the band. The high tm of the putative tetraplex at pH 5 necessitated using low ionic strengths. The tm was about 400 higher than that of the transition, due to the duplex or triplex (Fig. 2) , and was highly cooperative.
The most convenient assay for measuring the rate of complex formation exploits the marked fluorescence enhancement of ethidium on intercalating duplex DNA (3) in contrast to the lack of fluorescence enhancement with the putative tetraplex. Indeed, the presence of intercalating drugs strongly inhibits the reaction. Fig. 3 shows the kinetics of the reaction with loss of ethidium fluorescence. These reactions were in the presence of 1.25 (Fig. 5) ; or a combination of (a) and (b).
(iii) Tetraplexes. (a) Symmetrical: tetraplexes with diad symmetry, formed by pairing of two homologous duplexes, have been proposed for recombination (4) . (b) Unsymmetrical: another class of tetraplexes can be built up from a triplex (Fig.  4) . A fourth (Pur)n strand can be accommodated in the remaining space in the major groove of the original Watson-Crick duplex. The polarity is opposite to that of the Hoogsteen (Pyr)n strand, if the purine adopts the syn conformation (see Discussion). Note that the two pyrimidine strands on the triplex must have opposite polarity. (The possibility of parallel pyrimidine strands by using reverse-Hoogsteen pairing or by adopting the syn conformation for the base is not considered because of Abbreviations: Pyr-Pur DNA, d(pyrimidine)n-d(purine)n; triplex, triple-stranded polynucleotide; tetraplex, tetra-stranded polynucleotide; tm, transition temperature; clc, covalently linked complementary. * To whom reprint requests should be addressed.
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The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked equal proportions prior to complex formation had a unique buoyant density (1.493 g-cm-3) but three hyperchromic shifts at 930 and 990 (as above) and at 95.50 (presumably a mixed complex). Duplex models, including the Hoogsteen duplex, are not compatible with these data. They can also be eliminated on the basis of proton uptake by the complex. In Fig. 6 Further evidence against the interpretation of two physically linked triplexes comes from physical and chemical evidence. Table 1 summarizes some of the physical data. It indicates that all the structures studied form part of a series of related structures. In particular, the tms are even sharper than for the duplex (Fig. 2) and, at complete melting, the hyperchromicity obtained is the maximum expected from the original duplexes. Two tms were never obtained, which might have been expected for two physically linked triplexes. Another possibility is that the triplex of protons, and (iii) the buoyant density studies indicating some intermediate complex of higher density. The symmetrical tetraplex should form from any two homologous DNAs (4) and has been postulated in replication (6, 7) and recombination (4) but raises plectonemic problems for its formation. However, triplexes (from which the putative tetraplexes can be derived) are limited to Pyr-Pur DNAs and do require protonation. Two isomorphous base tetrads can be made from the base triads (Fig.  4) found in triplexes. This unsymmetrical tetraplex readily rationalizes all the data. If we concentrate on the duplex d(TC)nd(GA)n, it predicts one protonation per eight nucleotides (Fig. 6 ). Its formation would probably proceed via a two-step process for the plectonemic reasons given above. The first step could occur by strand assimilation and displacement-for example, assimilation of d(TC)n to form a triplex and displacement of d(GA)n. This would account for the initial buoyant density peak of greater density than the final complex. The secondary structure of polypurines may account for the slower second phase of complex formation to give the tetraplex. The tetraplex, like the triplex, will be restricted to Pyr-Pur DNAs.
In a random PyroPur DNA, sequences of any length will be unique, and so the tetraplex will also be restricted to regular repeating structures except in special circumstances (Fig. 7) . The tms might be expected to be highly cooperative because the main stabilizing force will be base-stacking. This also explains the lack of ethidium intercalation because the phenanthridine ring is only sufficiently large to stack with all the bases in a triad but not in a tetrad. Mg2+ stabilizes complexes as expected from the proximity of the four negatively charged deoxyribosephosphate backbones such that they survive at pH 7. The rate of complex formation would be expected to be concentration dependent, and higher initial concentrations should lead to high molecular weight products, because the repeating nature of the polymers allows initiation of the complexes at many sites simultaneously along a duplex. This accounts for one buoyant density peak when d(TC)~nd(GA)n and the BrU analogue were mixed but three hyperchromicity shifts when the complex was heated. We exploited this to see if naturally occurring Pyr-Pur tracts contain repeating sequences. Polypyrimidine tracts from mouse (gift of C. Birnboim) were primed by RNA synthesis to make the complementary strand by essentially the same procedure used for making d(T,G)n-d(G,A)n. DNA polymerase I and all four dNTPs were then added. After a lag phase, synthesis of polymers that were not clc and were judged to by Pyr-Pur DNA by transcriptional studies was obtained (9) . These exhibited the phenomenon of complex formation. Also, a similarly characterized Pyr-Pur DNA from Escherichia coli (10) with a 50% G+C content showed this phenomenon.
The Fig. 4 are novel and some justification for postulating them is necessary.
In constructing a reasonable model for a tetraplex it was necessary to position the bases in the tetrad to minimize nonbonded interactions and yet have a stereochemically reasonable configuration for the backbone. The x-ray data of base tetrads formed by simple derivatives of the bases were used to make the scale drawing of Fig. 4 . The central core of hydrogen bonds have been given N-O distances of 3 A except for that in the Watson-Crick base pair which is 2.85 A. The O-N-O and N-O-N angles in the central core are very close to 90°as found in some tetrads (11) . This results in the two tetrads being completely isomorphous. Of the nonbonded interactions, the only contacts that caused concern were the proximity of methyl groups of thymine to the N-7 and N-1 of adenine. The C (methyl)-to-N-7 distance is 2.7 A. With the hydrogen atoms positioned out of the plane of the bases, such a contact is feasible. The CPK model was readily built although without the exact bond lengths and angles shown in Fig. 4 . However, some adjustments can be made because the C (methyl)-to-N-1 distance is 3.1 A, and precise isomorphism is probably not required. With the geometry given, the N-1-H of guanine cannot make a hydrogen bond to water. Because hydrogen bonds vary considerably in their bond lengths and angles (12) , a slight distortion of the C-G tetrad will allow solvation of the 1 position as shown with CPK models. These are not further considered because the strong stacking interactions [usually in the range 6-7 kal (25-29 kJ)/mol] should overwhelm the weaker interactions such as the removal of ring nitrogens from solvent. The advantage of retaining the structures shown is that they incorporate the known structure of the triplex dTn-dAn-dTn having the A type conformation (13) .
Kendrew models (Cambridge Repetition Engineers) of tetraplexes have been made with backbones having the A conformation. The fourth purine strand has a C-1' distance to the axis of the triplex (7.5 A) very close to that for the triplex C-i' radial distances, allowing an A type backbone for all four strands. Although not essential, the fourth purine strand was made antiparallel to the Hoogsteen pyrimidine strand to allow two Watson-Crick duplexes to come together with opposite directional senses so that a tetraplex could form without completely unwinding one strand and reversing its polarity. The syn configuration was chosen over the anti [in which purine bases would have to be rotated by 180°about the C6 to 0 (G) or N (A) bonds] because Kendrew models of the latter had unfavorable backbone interactions between the fourth purine strand and the Hoogsteen pyrimidine strand. With the syn conformation, all four backbones were spaced fairly uniformly from one another. The four-stranded complexes produced by rIn and rGn (14, 15) have 4-fold rotational axes and larger Ci'-to-axis distances, leading to C-2' endo furanose rings, so that they cannot be used for refining models of the tetraplex proposed here.
Although we believe that our experimental data are best explained by the (18) . The average size of these domains is not known accurately but 50,000 base pairs appears to be of the right order of magnitude. The formation of domains and the stabilization of the hierarchy of helices might be achieved by the opposition of specific Pyr-Pur stretches, suitably located along the chromosome, to form tetraplexes. If a role is to be given to Pyr-Pur DNAs in chromosome condensation, it is worthwhile considering more specifically the effects of polarity. Assuming that Pyr-Pur DNAs do indeed stabilize chromatin, then the pairing of Fig. 4 would mean that, if the pyrimidine stretches occur on the same strand of DNA, they must coil back on themselves with a fold of 7r radians or anti folding (to indicate the opposite directional sense along the duplex, Fig. 7 ). On the other hand, if the pyrimidine stretches are on the opposite strands, then a fold of 2wr radians, or syn folding, is required. Of interest is a recent study on "snap-back" (cdc) DNA indicating pyrimidine stretches of about 80 nucleotides in the base-paired region (19) . This would be expected for the syn folding situation.
